Genomic copy number variation (CNV) plays a major role in various human diseases as well as in normal phenotypic variability. For some recurrent disease-causing CNVs that convey genomic disorders, the causative mechanism is meiotic, non-allelic, homologous recombination between breakpoint regions exhibiting extensive sequence homology (e.g. low-copy repeats). For the majority of recently identified rare pathogenic CNVs, however, the mechanism is unknown. Recently, a model for CNV formation implicated mitotic replicationbased mechanisms, such as (alternative) non-homologous end joining and fork stalling and template switching, in the etiology of human pathogenic CNVs. The extent to which such mitotic mechanisms contribute to rare pathogenic CNVs remains to be determined. In addition, it is unexplored whether genomic architectural features such as repetitive elements or sequence motifs associated with DNA breakage stimulate the formation of rare pathogenic CNVs. To this end, we have sequenced breakpoint junctions of 30 rare pathogenic microdeletions and eight tandem duplications, representing the largest series of such CNVs examined to date in this much detail. Our results demonstrate the presence of (micro)homology ranging from 2 to over 75 bp, in 79% of the breakpoint junctions. This indicates that microhomology-mediated repair mechanisms, including the recently reported fork stalling and template switching and/or microhomology-mediated break-induced replication, prevail in rare pathogenic CNVs. In addition, we found that the vast majority of all breakpoints (81%) were associated with at least one of the genomic architectural features evaluated. Moreover, 75% of tandem duplication breakpoints were associated with the presence of one of two novel sequence motifs. These data suggest that rare pathogenic microdeletions and tandem duplications do not occur at random genome sequences, but are stimulated and potentially catalyzed by various genomic architectural features.
INTRODUCTION
Microarray-based copy number-profiling technologies have taken the resolution to detect genome-wide copy number variation (CNV) to a level 100-1000 times higher than that achievable by conventional karyotyping. These technologies have been applied successfully in the field of clinical genetics, leading to (i) a significant increase in diagnostic yield for patients with unexplained mental retardation (MR)/ developmental delay, (ii) the identification of genes causative for sporadic malformation syndromes, and (iii) novel microdeletion syndromes (1 -12) . In addition to these pathogenic CNVs, extensive DNA CNV has been identified recently in healthy individuals (benign CNVs). These CNVs are anticipated to contribute to normal phenotypic variation as well as to susceptibility to multifactorial disease (4, 13) .
As yet, little is known about the formation of CNVs. Certain genomic architectural features, such as low-copy repeats (LCRs), may catalyze recurrent CNV formation (14 -19) . Because of extensive sequence homology, LCRs can mediate meiotic chromosome/chromatid ectopic pairing, followed by non-allelic homologous recombination (NAHR). As such, these recurrent CNVs do not represent random events but, instead, reflect the underlying genomic architectural features (14,15,17 -19) . However, the vast majority of pathogenic microdeletions and microduplications consist of rare non-recurrent CNVs, scattered throughout the genome, that are not mediated by LCRs (20) .
It is plausible that genomic architectural features other than LCRs may play a role in the molecular mechanisms, resulting in the formation of these rare non-recurrent CNVs (21 -25) . The spectrum and contribution of these genomic features and mechanisms leading to rare pathogenic CNVs are poorly explored, as only a limited number of such CNVs have been delineated to the base pair level (26 -28) . On the basis of the observation that short stretches of microhomology are present at the breakpoint sites, various mechanisms have been hypothesized to play a role, such as non-homologous end joining (NHEJ), alternative NHEJ [alt-NHEJ; also known as microhomology-mediated end joining (MMEJ)] or fork stalling and template switching (FoSTeS) (29 -31) . These latter replication-based mechanisms indicate that mitotic events, rather than meiotic events, could play an important role in the formation of rare pathogenic CNVs (32) . Recently, this hypothesis was experimentally supported by using a model system for CNV formation specifically resulting from replication stress (33) . In this series of induced CNVs, microhomology at the breakpoint junction (,6 bp) was identified as a key feature, consistent with the hypothesis that these CNVs were formed by alt-NHEJ or a replication-based mechanism. The ultimate proof to confirm these findings would come from a large series of naturally occurring rare pathogenic CNVs.
To this end, we have analyzed 38 rare pathogenic CNVs, including 30 deletions and eight tandem duplications, previously identified in routine diagnostics. All corresponding 76 breakpoints were resolved to the base pair level by amplification and sequencing of breakpoint junction fragments. The presence and extend of (micro)homology were determined for each CNV. To evaluate the local genomic architecture, the experimentally determined breakpoints were computationally analyzed for the presence of genomic architectural features, including repetitive elements, sequence motifs associated with chromosomal rearrangements and the potential of these sequences to adopt non-B DNA conformations. Additionally, we compared these breakpoint regions to 'an average genome sequence' to investigate whether breakpoint sequences occur randomly in the genome or show a bias towards the presence of specific genomic sequences. We provide evidence for the enrichment of Alu repetitive elements and two new sequence motifs that may facilitate pathologyassociated genomic rearrangements that lead to CNV. In addition, the level of microhomology observed at the breakpoint junctions supports an important role for replicationbased mechanisms and, thus, a mitotic origin.
RESULTS
To study molecular mechanisms and local genomic architectural features underlying rare pathogenic CNVs, we sequenced and aligned the breakpoints of 30 deletions and eight tandem duplications to the human genome (hg18) and determined the exact proximal and distal breakpoints (Table 1) . With this information, we analyzed the respective breakpoint regions for the presence of (micro)homology, repetitive elements, sequence motifs previously associated with DNA breakage and potential to adopt non-B DNA conformations.
Microhomology is present at the vast majority of breakpoints
Twenty-four of 30 (80%) deletion CNVs, as well as six of eight (75%) tandem duplications, showed microhomology at the breakpoints, ranging in size from 2 bases to .75 bases (Table 1) . A 2 bp microhomology was identified in 11 breakpoint junctions, a 3 bp microhomology was observed in four junctions, a 5 bp microhomology was found in two junctions and 4, 6 and 8 bp microhomologies were each identified in a single breakpoint junction ( Fig. 1; Supplementary Material,  Fig. S1 ). Interestingly, in one duplication CNV, Dup4, the observed microhomology was accompanied by an 8 bp GAAAGTG insertion at the breakpoint junction. Longer stretches of homology, extending over 10 bases, were identified in 10 deletion CNVs ( Fig. 1C ; Table 1 ).
BLAST2 analysis was used to determine the extent of the homology as well as the percentage of sequence identity (Table 1 ; Supplementary Material, Fig. S2 ). Using this approach, the breakpoints of Del30 were identified to occur in directly oriented LCRXpC and LCRXpC 0 , which are part of an 7.4 kb LCR cluster on chromosome Xp22.31 (Table 1 ). The distal copy LCRXpC is 1288 bp in size and shares 98% sequence identity with its proximal counterpart LCRXpC 0 , which is 1291 bp in size. For the remaining nine breakpoint junctions with stretches .10 bp, sequence identity ranged from 78% over 280 bases (Del25) to 97% over 4.6 kb bases (Del29) (Supplementary Material, Fig. S2 ).
To determine whether the observed (micro)homology could be expected by chance, a series of 100 breakpoints representing the average genome was simulated and analyzed for the presence and extend of (micro)homology. The distribution of microhomology in simulated breakpoints differed significantly (Wilcoxon rank sum test P ¼ 7.27 Â 10
215
) from the distribution of microhomology at the breakpoint junctions observed in rare pathogenic microdeletions and tandem duplications. To exclude significance due to the relatively low number of simulated breakpoints, the number of simulated breakpoints was increased to a total of 500. This analysis strengthened our initial results as indicated by a highly significant P-value of 8.64 Â 10 220 (Fig. 2) . In addition, to exclude a bias introduced by the relatively large number of rare pathogenic CNVs with extended homology, the analysis was repeated excluding microhomology .10 bp (100 simulations P ¼ 1.58 Â 10 210 ; 500 simulations P ¼ 4.49 Â 10 213 ). This indicates that the length of exact microhomology at the breakpoints of rare pathogenic microdeletions and tandem duplications significantly exceeds the length of microhomology expected by chance.
Two of the deletion CNVs, not having any signs of homology, showed a 'perfect' transition from the normal proximal to normal distal wildtype sequence (Del1 and Del2). Two additional deletion CNVs, and two tandem duplication CNVs without microhomology, Del3, Del4, Dup1 and Dup2, showed incorporation of additional bases at the breakpoint junction, i.e. a 1 bp A, a 7 bp TTGAGAC, a 6 bp TTTACT and a 6 bp ACCGGG insertion, respectively (Table 1) .
Repetitive elements are enriched at deletion breakpoints but not at duplication breakpoints In 42 of 60 (70%) deletion CNV breakpoints, a known repetitive element was observed at the breakpoints (Table 1) . These included 10 different SINEs (AluSg/x, AluJb, FLAM_C, MIRb, AluSg, AluSp, AluSc, AluSq, AluSx and AluY), six different LINEs (L2, L1ME1, L1PA3, L1PB4, L1PBa1 and L1MD1), three DNA repeats (MER5A, Charlie1 and MER3) and three LTRs (MLT1A0, MER21C and MLT2B3). In contrast, only 6 of 16 (38%) tandem duplication breakpoints occurred within such elements (Table 1) , suggesting a difference between deletions and tandem duplications for these genomic features. To determine whether the observed frequency of repetitive elements at the breakpoint sequences is different from 'an average genome', the same list of 500 randomly generated breakpoints was analyzed for these features. In total, 235 (47%) of these simulated breakpoints coincided with known repetitive elements. When comparing deletion breakpoints to this simulation of the average genome, deletion breakpoints show a significant enrichment for repetitive elements (P ¼ 2.42 Â 10
22
), whereas tandem duplication breakpoints fall within the normal genomic distribution of these elements (P ¼ 0.81).
In total, 25 out of 30 (83%) deletion CNVs have at least one breakpoint within a known repetitive element (Table 1) ; in eight cases, only one of the breakpoints mapped within a repetitive element, whereas the other sequence was unique; in five other cases, both breakpoints were part of a known element, but those elements were of different classes; in 12 remaining cases, both breakpoints were part of a known element belonging to the same class. For tandem duplication CNVs, six out of eight (75%) had a breakpoint within a repetitive element (Table 1) . Interestingly, none of the tandem duplications showed repetitive elements at both breakpoints. . DNA sequences, obtained from direct sequencing of the junction fragments, were aligned to the normal wild-type proximal and distal sequences. Sequence homology to the normal proximal and distal wild-type sequences are shown in blue and magenta. If genomic elements were known for the normal wild-type proximal and distal sequences, they were indicated above and below the wild-type sequences. Arrows extending to the left and right indicate that the genomic element is longer than that shown in this schematic representation. The presence of perfect microhomology is indicated by a shaded yellow box, extending the size of bases with perfect microhomology. Magenta blocks indicate a second stretch of microhomology (7 bp) on each side of the additional 20 bp deletion observed in the junction fragment of Del10.
Identification of three novel sequence motifs in tandem duplication breakpoints and enrichment for known motifs in breakpoint sequences
Next to repetitive elements, other sequence motifs have been reported also to predispose to DNA breakage, such as the deletion hotspot consensus sequence, topoisomerase consensus cleavage sites and translin-binding sites (22, 34) . Here we tested three hypotheses for the role of sequence motifs in the formation of rare pathogenic microdeletions and tandem duplications: (i) enrichment for individual known motifs stimulating CNV formation, (ii) an overall increased density of different motifs predisposing CNV formation and (iii) a novel common sequence motif present in rare pathogenic CNVs mediating deletions and/or duplications. These three hypotheses were tested by a systematic search for 40 different sequence motifs previously associated with DNA breakage using the Fuzznuc program from EMBOSS (22, 35) . For this search, sequences of 150 bp (referred to as breakpoint regions) were used that surrounded the exact breakpoint (Supplementary Material, Table S1 ). Of the 40 sequence motifs, 24 were represented in the breakpoint regions (Table 2) .
For the first hypothesis, an enrichment for a single motif should be present in the breakpoint regions of the CNV. In total, 22 different breakpoint regions (28%) showed an enrichment for a sequence motif compared with the random sampling of the human genome ( Table 2) . Five of these, Del4 (2), Del6 (1), Del8 (1), Del25 (1) and Del28 (2), showed an enrichment for multiple sequence motifs ( Table 2 ). The most recurring sequence motif in a single breakpoint region was the consensus scaffold attachment region (SAR) 4 motif (TWWTDTTWWW) with a maximum of nine hits, which is significantly different from the average human genome (P ¼ 7.12 Â 10
29
). In addition, higher frequencies than expected were detected for the consensus SAR 2 (TTWTWTTWTT; P ¼ 2.80 Â 10 . If an accumulation of (different) motifs plays an important role (hypothesis II), it is expected that the total number of motifs identified in the breakpoint region is higher than that expected in a randomly selected 150 bp region within the human genome. Accordingly, the density of motifs in the 76 regions surrounding the exact breakpoint was determined. For 500 random 150 bp sequences in the genome, a mean of 7.85 motifs is encountered, ranging from 0 to 52 motifs per sequence (data not shown), whereas in the 76 analyzed breakpoint regions, the total number of motifs ranged from 2 to 22, with a mean of 7.65 motifs. Thus, the overall density of sequence motifs in breakpoint regions of rare pathogenic microdeletions and tandem duplications is not significantly different from the average genome sequence (P ¼ 0.77, twotailed Student's t-test).
To identify a novel common denominator in deletion and/or tandem duplication breakpoints (hypothesis III), all 60 deletion and 16 duplication breakpoint regions were compared with each other. Using Multiple Em for Motif Elicitation (MEME), we uncovered three potential new sequence motifs common in duplication breakpoints (Fig. 3) . The first motif, consisting of 10 bases (consensus CTSAGYTTTT), was identified in all 16 tandem duplication breakpoints. The second motif consists of 15 bases (consensus WSCAGG-NAYWWTTCC) and was identified in 10 breakpoints. The third motif includes 20 bases (consensus ATTTCTYCAGY-NYTGGATHT) and occurred in six tandem duplication breakpoints (Table 2) . When comparing the most relaxed forms of the three motifs to the same 500 random genomic regions of 150 bp representing 'an average genome', not taking the probability matrix into account, only two of the motifs are significantly enriched in duplication breakpoint regions, including WSCAKVTVBHNYKHV for motif 2 (P ¼ 1.33 Â 10 210 ) and RTTYYHYSRSBNHTKGMYHW for motif 3 (P ¼ 4.78 Â 10
211
). No novel sequence motifs were identified in the deletion breakpoint regions.
Non-B DNA conformations can predispose breakpoint sequences to DNA breakage Genomic DNA sequences can adopt a number of conformations alternative from the normal B-conformation, including lefthanded Z-DNA, cruciforms, slipped hairpin structures, triplexes and tetraplexes, which are collectively termed non-B DNA conformations. These conformations have been implicated in a number of genomic rearrangements from which it was concluded that not the sequence per se is triggering the Figure 2 . Distribution of microhomology for simulated breakpoints (n ¼ 500; blue bars) and observed breakpoints in rare pathogenic CNVs (n ¼ 38; red bars). The simulated breakpoints center at 0-1 bp of microhomology, whereas the observed breakpoint microhomology clusters away from the simulated breakpoint microhomolgy, with its center around 1-3 bp of microhomology. This indicates that longer stretches of microhomology are low by chance alone and, thus, suggests a functional role for the presence of microhomology at the breakpoint junctions of rare pathogenic CNVs. rearrangement, but instead, that the conformation of the DNA triggers the rearrangement (21, 24, 36, 37) . To investigate the role of these non-B DNA conformations affecting the 76 breakpoint sequences, the same 150 bp breakpoint regions were evaluated for their potential to adopt non-B DNA conformations. Such sequences were identified in a total of 17 breakpoint regions (23%), of which 14 were located in deletion breakpoint regions and 3 in tandem duplication breakpoint regions ( Fig. 4B ]. Oligo(G) n tracts, potentially inducing tetraplex formation, were observed in four deletion breakpoints [Del5 (2): GGCCTCCCAAGGT GCTGGGATTACA GG; Del11 (2): GGCCTGAGCTTGGTTGCGGGGGG; Del18 (2): GGGGTGGGCCTTCTTGG and Del30 (2): GG GTATCGGTATCAGGCTGGG) (Fig. 4C) . Inverted repeats, leading to a cruciform, were identified in two deletion break- (Fig. 4D) . Left-handed Z-DNA was predicted in two deletion breakpoints [Del6 (2): (TG) n repeat; Del23 (2): GCGTGGGGGCGCATGCT] and one tandem duplication breakpoint [Dup1 (1): (CA) n repeat] (Fig. 4E) . For four CNVs, both breakpoint sequences met general sequence requirements to adopt non-B DNA conformations (Del3, Del5, Del19 and Dup1) ( Table 1 ). The observed conformations, however, differ between the individual breakpoints, i.e. Del3 showed a triplex or cruciform and a slipped hairpin structure, Del5 a tetraplex and hairpin structure, Del19 a triplex and a slipped hairpin structure and Dup1 a slipped hairpin structure and left-handed Z-DNA.
To compare these findings to the average genome, the same series of 500 random breakpoint regions was analyzed for their potential to adopt non-B DNA structures. A total of 119 (24%) simulated regions showed this potential, suggesting that pathogenic breakpoint regions show a similar capability to adopt structures as the average genome (P ¼ 0.89). Evaluation of the individual frequencies for the various forms of non-B DNA conformations suggested, however, an overrepresentation of left-handed Z-DNA (P ¼ 0.08) and cruciform structures (P ¼ 0.14) in the breakpoint regions of pathogenic microdeletions and tandem duplications.
DISCUSSION
With the wide availability of high-resolution arrays targeting the entire human genome, it has become apparent that CNVs contribute to many diseases and play an important role in normal phenotypic variation. Therefore, the major challenge is no longer the identification of CNVs but, instead, the explanation of their formation and interpretation of their biological function. In this study, we demonstrated extensive microhomology at the DNA breakpoints from a set of 38 rare pathogenic microdeletions and tandem duplications, indicating that molecular mechanisms prevailing in mitotic cell division play a major role in germline CNV formation. Hereby, our data support the recent hypothesis that rare pathogenic (germline) CNVs may have a mitotic origin (33) . In addition, the vast majority of the breakpoints were associated with at least one of the local genomic architectural features studied, suggestive for a strong involvement of such features in determining the breakpoint location of rare pathogenic CNVs.
Potential molecular mechanisms involved in the formation of rare pathogenic microdeletions and tandem duplications
When speculating on molecular mechanisms involved in the formation of CNVs, it is important to distinguish between (i) meiotic recombination processes such as the homologydependent NAHR and the homology-independent classical NHEJ, and (ii) mitotic processes including classical NHEJ and NHEJ mediated by microhomology (alt-NHEJ or MMEJ) and replication-based mechanisms such as FoSTeS and microhomology-mediated break-induced replication (MMBIR). To attribute a specific mechanism to the formation of a CNV, detailed breakpoint analyses at the base level is needed as the 'molecular fingerprint' of the breakpoint may help to discriminate between the mechanisms (Supplementary Material, Fig. S3 ). In the context of discriminating between different mechanisms, it is noteworthy that the number of DNA breaks necessary to form the CNV can differ between mechanisms, i.e. two DNA double-strand breaks are generally needed for NAHR and NHEJ, whereas replication-based mechanisms such as FoSTeS and MMBIR require a single DNA break. In addition, different molecular mechanisms involved in the formation of rare pathogenic CNVs may act over different size ranges, as was suggested from studying CNVs in the normal population (26, 38) . In this set of 38 rare CNVs, there does not seem to be a correlation between the potential mechanism used and the size of the CNV.
When looking at the breakpoint junctions of the 38 rare pathogenic CNVs included in this study, diverse forms of NHEJ, including classical NHEJ and alt-NHEJ, could potentially explain the formation of 27 CNVs, including 19 deletions and eight duplications. In five of these CNVs, we found inserted bases at the breakpoint junction, representing a molecular scar, a phenomenon only known for classical NHEJ (19) . The remaining 11 CNVs (Del20 -Del30) could have resulted from homology-dependent mechanisms. NAHR using repetitive elements, such as Alu -Alu-mediated NAHR, rather than repeat elements, i.e. LCRs, has been reported previously in pathogenic CNVs as well as in small common structural variations in healthy individuals (19, 39) . Of these 11 CNVs potentially resulting from NAHR, 9 deletion CNVs could have resulted from Alu -Alu mediated events (Del20 -Del28), whereas one deletion CNV, Del29, likely represents a LINE1 -LINE1-mediated NAHR. Recently, retrotransposition involving L1 elements has been proposed to specifically mediate normal structural variation (38) . Finally, although LCR-mediated CNVs were excluded prior to inclusion in this study, Del30 seems to meet the criteria for LCR-mediated NAHR, with both breakpoints located in highly homologous sequences (97%) larger than 1 kb (17) . Retrospective analysis indicated that the initial 'lowresolution' genome-wide microarray predicted the breakpoints 50 kb away from the actual breakpoints determined by breakpoint junction sequencing. In addition, BLAST2 analysis of the breakpoints showed that the LCRs were only 7 kb in size. Taken together, these two observations explain why this deletion was included in the study.
The concept that congenital pathogenic CNVs are all of meiotic origin has been challenged recently by the discovery of the first human replication-based mechanism, i.e. FoSTeS, involved in the formation of duplication CNVs causing Pelizaeus -Merzbacher disease (PLP1 duplication), as well as the description of a model for CNV formation by replication stress (28, 32, 33) . Similar to alt-NHEJ, FoSTeS uses microhomology, rather than larger blocks of DNA sequence homology which we know from NAHR. These sites of microhomology are used to invade a new strand for replication after stalling or collapse of the first replication fork. In addition to duplications of the PLP1 gene, duplications of MECP2 on the X chromosome have been proposed to arise by a two-step mechanism using microhomology and breakinduced replication (27, 40) . The FoSTeS mechanism has been generalized further in a replicative template-switch model, MMBIR, which is characterized by microhomology.
In the presence of microhomology, MMBIR can, in addition to deletion/duplication CNVs, potentially explain also inversion, translocation and triplication events (29) (30) (31) (32) . In our series of 38 rare pathogenic microdeletions and tandem duplications, the presence of two to six bases of microhomology at the breakpoints in 19 CNVs supports the notion that these CNVs utilized microhomology in their formation and could thus potentially result from FoSTeS/MMBIR. Template switching in a 'forward' direction could explain the formation of 13 deletion CNVs, whereas template switching in a 'backward' direction could explain the formation of six tandem duplications. In four additional CNVs (Dup1, Dup2, Del5 and Del6), one base of microhomology was observed at the breakpoint junction (Table 1) . Although this could also be observed by chance, one base of microhomology could still be sufficient to serve as priming location to invade the second replication fork. Multiple consecutive FoSTeS (e.g. FoSTeSÂ2) events could potentially explain more complex deletion, duplication rearrangements, such as triplications and discontinuous deletion and duplication events (28, 32) . For one deletion CNV (Del10) and three tandem duplication CNVs (Dup1, Dup2 and Dup4), the rearrangements could have occurred through two FoSTeS events (FoSTeSÂ2) as, in addition to the microhomology, the breakpoint junctions showed the presence of deletions and/or insertions of several bases (Supplementary Material, Fig. S1 ). Since these inserted bases also occur in the vicinity of the breakpoint (including the microhomology site), this could indicate that other mechanisms, such as slipped strand synthesis (SSA; Del10), have been involved in the formation of these pathogenic CNVs.
We propose that the nine Alu -Alu-mediated deletions could potentially have resulted from FoSTeS/MMBIR. This hypothesis is supported by the analyses of the extent of sequence homology between the Alu elements coinciding with the breakpoints. On average, Alu sequences are 83% identical, which seems insufficient to mediate NAHR, usually occurring through sequences with sequence similarity of .95 -97% (Supplementary Material, Fig. S2) (15, 17, 19) . In addition, all nine breakpoint junctions showed microhomologies, ranging from 8 to 30 bp. As such, we argue that replication-based mechanisms like FoSTeS/MMBIR, rather than NAHR, could be involved in the formation of these deletions, in which case the microhomology within these Alu sequences served as priming site in a second replication fork.
In conclusion, the overlap in molecular fingerprint between diverse forms of replication-based mechanisms, such as the presence of microhomology in both alt-NHEJ and FoSTeS/ MMBIR, make it difficult to distinguish between these mechanisms for the formation of rare pathogenic CNVs (Supplementary Material, Fig. S3 ). We have, however, provided evidence suggesting that classical homology-dependent recombination mechanisms did not mediate these CNVs, and thus, most likely excluded a meiotic origin.
Local genomic architecture potentially leading to genomic instability
To date, it is unknown to what extent the local genomic architecture stimulates the formation of rare pathogenic CNVs.
Although functional effects have not been proven in this study, the results of our analysis of breakpoint regions indicate that local genomic architecture can play a significant role in the formation of rare pathogenic microdeletions and tandem duplications. Repetitive elements, including LINEs, SINEs, LTRs and DNA simple repeats, have been implicated in chromosomal aberrations by increasing genome instability in certain regions (36) . In meiosis, they are known to represent stimulating or mediating elements in NAHR and NHEJ recombination mechanisms (15, 19) . For 30 of 38 (79%) CNVs sequenced at the base pair level, at least one of the breaks occurred in a repetitive element. For deletion breakpoints, more repetitive elements were observed than expected on the basis of 'random genome sequence'. The most frequently occurring repetitive element at CNV breakpoints included different Alu sequences. When considering a mitotic event with template switching, such repetitive elements may represent more difficult sequences to replicate, with increasing chances for fork stalling or collapse of replication forks.
Different sequence motifs have been found to be associated with recurrent chromosomal rearrangements (22, 34, 35, 41) . We have characterized a subset of 40 sequence motifs for their frequency in our series of 76 rare pathogenic breakpoint regions and compared them to their normal frequency in the average genome. In total, we found 13 different sequence motifs significantly enriched in rare breakpoint regions. Of these, eight sequence motifs require the presence of an additional sequence motif and/or need to be present in more consecutive copies than observed in the breakpoint regions to be functional. The remaining five sequence motifs found to be enriched in breakpoint regions could increase susceptibility for DNA breakage in meiosis and/or mitosis or, alternatively, stall replication in mitosis. The consensus SARs 2, 3 and 4 are significantly increased in five breakpoint regions (Dup4, Del5, Del6, Del8 and Del28). SARs are AT-rich sequences which increase the DNA strand separation potential (42) . This AT richness elevates the presence of single-stranded DNA which, in turn, may be much more sensitive to DNA breakage during meiosis. Alternatively, in mitosis, such sequences may be more sensitive to FoSTeS because of a collapsed fork after replication through a nick and generation of a single double-strand end (32) . Enrichment for translin-binding sites 1 and 2 has been found in three breakpoint regions (Dup1, Del4 and Del22). Translin-binding sites affix the conserved protein Translin and have been associated with breakpoint junctions of recurrent chromosomal translocations observed in some human cancers (43 -45) . Translin is proposed to function as a protector of broken DNA-ends (45), but has been excluded recently as a primary factor in regulating genome stability and/or segregation (46) . The fact that the sequence motif is observed in recurrent chromosomal aberrations, however, suggests that the motif is more sensitive to breakage than other regions in the genome.
In this study, three new motifs have been observed in tandem duplication breakpoint regions, of which two are specifically enriched in breakpoint regions of these duplications. The most relaxed forms of these two motifs do not appear frequently in random genome sequences. Even when the number of random sequences is substantially increased to 5000, the motifs remain significantly enriched (data not
shown). Although currently there is no overt reason why deletion and tandem duplication CNVs should differ, these data suggest that these motifs are highly specific to tandem duplication breakpoints. To uncover the function of these motifs in the binding of proteins or a role in histone/genome stability, diverse database searches were performed but were proven unsuccessful due to the ambiguous code of the motifs (data not shown). In addition, efforts were made, but unsuccessful, to annotate the genomic locations of all possible motifs to identify potential overlap with known duplication events. Thus, the potential role of these novel motifs and how they stimulate CNV formation remain elusive. For many years, it has been known that DNA structures other than B-DNA conformations, including left-handed Z-DNA, cruciforms and slipped (hairpin) structures predispose DNA to breakage at specific locations within the genome (37) . Examples of these include large inverted repeats leading to cruciform formation in the most common non-Robertsonian recurrent translocation t (11;22) in humans, and silencing of the FXN gene in patients with Friedreich's ataxia by triplex structures (47 -49) . In general, the stretches of sequences leading to such conformations are several hundreds of base pairs in length, thereby contributing to the recurrent nature of these rearrangements. For 11 deletion and two tandem duplication CNVs (34%), we observed sequences that are capable of adopting non-B DNA structures for at least one of the breakpoints. However, the reported sequences capable for adopting the non-B DNA structures are far longer than what we observed in our sequenced breakpoints. The longest fragment capable of adopting non-B DNA was a 23 bp sequence potentially leading to tetraplex conformation (Del11). Although shorter in length and not significantly enriched in the observed breakpoint regions, these individual structures could still lead to local instability prone to DNA breakage and, moreover, may contribute to the non-recurrent nature of the CNVs in this study. Left-handed Z-DNA could potentially have been involved in three breakpoints (Dup1, Dup2 and Del6). In two of these (Dup1 and Del6), the breakpoint occurred 14 bases from the B-Z junction. With an approximate estimation of 10 nucleotides involved in a single B-loop, the breakpoint mapping 14 bases from the B-Z junction could therefore have resulted from this local instability. Mechanistically, non-B DNA conformations could explain stalling of replication forks, thereby supporting a hypothesis for non-B DNA conformations in microhomology-mediated mitotic mechanisms such as alt-NHEJ, FoSTeS or MMBIR.
In conclusion, we have analyzed 76 breakpoint regions for the presence of various genomic architectural features. The analyses included the evaluation of repetitive elements, enrichment of sequence motifs associated with DNA breakage and the potential to adopt non-B DNA structures. For our series of 76 breakpoint regions, 62 (81%) were associated with at least one genomic architectural feature, of which 21 (28%) showed two features and two (3%) showed all three features examined in this study. Of the remaining 14 breakpoint regions with known genomic architectural features, 6 breakpoint regions (8%) contained at least one of the novel sequence motifs. This leaves only 11% of breakpoint regions without an association between the breakpoint and local genomic architecture studied here.
Summary
Recently, replication-based mechanisms have been suggested for the etiology of human pathogenic CNVs. Here, we have analyzed the etiology of 38 rare pathogenic microdeletions and tandem duplications by analyses of the breakpoint junctions and local genomic architectural features to determine the contribution of such mechanisms in rare, non-recurrent, pathogenic CNVs. Our data suggest that rare pathogenic CNVs do not seem to occur in random genomic sequences, but may favor locations with a high content of specific architectural features. Moreover, the presence of (micro)homology in 79% of the breakpoint junctions argues that (replicationbased) microhomology-mediated repair mechanisms, including alt-NHEJ and FoSTeS/MMBIR, prevail in rare pathogenic CNVs. Future research on the molecular mechanistic spectrum of CNV formation and the role of genomic architecture will provide valuable information on genome plasticity in general and its role in health and disease.
MATERIALS AND METHODS

Patient material
A total of 38 patient-derived, anonymized DNA samples were included in this study on the basis of on the presence of a (micro)deletion or (micro)duplication associated with a disease [multiple congenital anomalies (MCA), MR with or without MCA, epilepsy or autism]. Of all CNVs, 37 were identified in a routine diagnostic setting at the Department of Human Genetics of the Radboud University Nijmegen Medical Centre and the Department of Molecular and Human Genetics of Baylor College of Medicine; 5 by 32K BAC array analysis, 10 by 250K Nsp1 SNP arrays (Affymetrix, Santa Clara, CA, USA), 22 by the clinical targeted array CMA V4, V6.0 or V6.1 BAC-based arrays or CMA V6.3, V6.5, V7.1 or V7.2 oligo arrays (1, 9, 50) . One CNV was detected by a commercial company using a genome-wide BAC-based SignatureChipWG array (Signature Genomics Laboratories, Spokane, WA, USA). Prior to this study, CNVs were validated using different molecular approaches, including fluorescence in situ hybridization, PCR analyses, multiplex ligation-dependent probe amplification or alternative microarray platforms. Additionally, 19 CNVs were proven to be de novo and 9 inherited, whereas for the remaining 10 CNVs, this could not be determined because of the absence of at least one of the parental DNA samples. For all CNVs, the presence of large LCRs mediating the deletion or duplication was excluded, thereby focusing on CNVs caused by molecular mechanisms and genomic structures other than LCR-mediated NAHR. Also, on the basis of the initial array analyses, all deletions and duplications were considered to be simple rearrangements, involving two breakpoints.
Ultra-high-resolution array CGH
For detailed breakpoint mapping, high-resolution NimbleGen arrays were used, including whole-genome 385K and 2.1M arrays covering the whole genome, and two custom-designed 385K ultra-high-resolution arrays (Roche NimbleGen Systems, Madison, WI, USA). The average probe density of the HG18_WG_CGH_v1 was 6 kb, whereas that of the 2.1M HG18_WG_CGH_v1 was 1.5 kb. The two custom arrays were designed to cover breakpoint regions on the basis of the initial array analyses, with one probe per 65 bp for the first and one probe per 24 bp for the second array. Array hybridization, post-hybridization washes and scanning were performed according to the manufacturer's instructions (Roche NimbleGen Systems). The acquired images were analyzed using NimbleScan V2.4 extraction software (Roche NimbleGen Systems). For each probe on the array, the log 2 Cy3/Cy5 ratio as well as the log 2 Cy5/Cy3 ratio were calculated using the SegMNT algorithm. The relative intensity of the patient DNA versus the reference DNA was indicated on a log 2 scale. A positive result was determined when a genomic segment complementary to oligo probes for CNV (gain or loss) detection was on log 2 0.2-fold average difference from reference normal DNA. Data were visualized using SignalMap V1.9 software (Roche NimbleGen Systems). Averaging windows (Â5 and Â10) were used for breakpoint determination, after which junction fragments were obtained by PCR analysis.
Junction PCR
For all CNVs, PCR primers were designed using both proximal and distal 1.5 -15 kb breakpoint flanking regions determined by the array analyses (Supplementary Material, Fig. S1 ). Genomic sequences were obtained from the UCSC genome browser, build 36.1 (hg18). Several PCR primer combinations (outward facing for duplications and inward facing for deletions) spanning the breakpoint junction were tested and optimized until a unique junction fragment was generated. To validate the uniqueness of the junction product, i.e. only present in patient DNA, control DNA from healthy individuals was used. Breakpoint spanning PCR products of ,5 kb were generated using standard protocols, optimized for annealing and extension temperatures (Finnzymes). Alternatively, for breakpoint spanning PCR products expected to exceed 5 kb, long-range PCR protocols were used according to manufacturer's instructions (Takara Bio Inc., Japan). Gel electrophoresis was performed to visualize the junction fragments, and unique junction fragments were purified using QIAquick PCR purification kit (QIAgen). Subsequently, the fragments were bidirectionally sequenced using in-house 3100 or 3730 DNA Analyzers (Applied Biosystems), or by using 3730 DNA Analyzers of Lone Star Labs and SeqWright DNA Technology Service (Houston, TX, USA). Individual primer sequences and PCR programs are available upon request.
Bioinformatic analyses of junction fragments
The genomic sequences of the junction fragments were assembled using the Sequencher software (Gene Codes Corporation, Ann Arbor, MI, USA) or Vector NTI Advanced V10 (www.invitrogen.com). After assembly, breakpoints (exact physical genomic breakpoint) and breakpoint regions (150 bp stretches surrounding the breakpoint) were further analyzed using the following online databases: (i) BLAST2 for the identification of (near-perfect) sequence homology between the normal proximal and normal distal breakpoint sequences; (ii) Repeat Masker to uncover known repetitive elements at the breakpoints; (iii) Fuzznuc analyses to identify sequence motifs previously associated with chromosomal aberrations; (iv) MEME Suite for the identification of novel motifs; and (v) Z-Hunt online, RepeatAround and QGRS for the evaluation of non-B DNA conformations. As it is currently not clear whether sequence motifs are required at the breakpoint or in close proximity to the breakpoint to trigger CNV formation, the programs used for Fuzznuc, MEME suite and non-B DNA structures were run using default setting and applied to 150 bp of genomic sequence, extending 75 bp both proximal and distal to the breakpoint (referred to as 'breakpoint region') (Supplementary Material, Table S1 ). For the identification of sequence motifs, both 'þ' and '2' (complementary) strands were evaluated. As criteria for the evaluation of non-B DNA conformations, both counterparts of the repeat needed to flank the breakpoint.
Findings of a breakpoint sequence were compared with the remainder of the genome by randomly sampling 500 genomic sequences of 150 bp (Supplementary Material, Table S2 ). These sequences were obtained from hg18 by randomly selecting autosomal chromosomes and then locations based on the selected chromosome. Centromeres and gaps in the sequence alignment were excluded. These 150 bp sequences were evaluated for the same genomic architectural features as the breakpoint (regions) derived from the rare pathogenic CNVs. The genomic position of base 75 in this randomly sampled sequence was evaluated for its involvement of repetitive elements. For evaluating the presence and extend of (micro)-homology as well as the potential to adopt non-B DNA conformations at 'random breakpoints', a break was simulated between base 75 and base 76 within this sequence. Statistical significance between these randomly sampled sequences and the breakpoint (regions) was tested using Fisher's exact test with Bonferroni correction. 
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